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ABSTRACT
The Gravity Collaboration detected a near-infrared hotspot moving around Sgr A*
during the 2018 July 22 flare. They fitted the partial loop the hotspot made on the sky
with a circular Keplerian orbit of radius ' 7.5 rg around the supermassive black hole
(BH), where rg is the gravitational radius. However, because the hotspot traversed
the loop in a short time, models in which the hotspot tracks the motion of some fluid
element tend to produce a best-fit trajectory smaller than the observed loop. This is
true for a circular Keplerian orbit, even when BH spin is accounted for, and for motion
along a RIAF streamline. A marginally bound geodesic suffers from the same problem;
in addition, it is not clear what the origin of an object following the geodesic would be.
The observed hotspot motion is more likely a pattern motion. Circular motion with
r ' 12.5 rg and a super-Keplerian speed ' 0.8 c is a good fit. Such motion must be
pattern motion because it cannot be explained by physical forces. The pattern speed
is compatible with magnetohydrodynamic perturbations, provided that the magnetic
field is sufficiently strong. Circular pattern motion of radius ∼ 20 rg on a plane above
the BH is an equally good alternative; in this case, the hotspot may be caused by a
precessing outflow interacting with a surrounding disk. As all our fits have relatively
large radii, we cannot constrain the BH spin using these observations.
Key words: black hole physics – Galaxy: centre
1 INTRODUCTION
Decades-long monitoring of stellar orbits within sub-
arcseconds of Sgr A*, the radio source at the Galactic Cen-
ter, revealed the presence of a supermassive black hole (BH;
see Genzel et al. 2010 for a review) with mass M ' 4.15 ×
106 M (Scho¨del et al. 2002; Ghez et al. 2003; Gillessen et al.
2009; Gravity Collaboration et al. 2019). The source Sgr A*
is unusually dim: its bolometric luminosity ∼ 1036 erg s−1 is
much smaller than its Eddington luminosity ∼ 1044 erg s−1.
The faintness means that the accretion flow around Sgr A*
cannot be a radiatively efficient disk (Shakura & Sunyaev
1973), but could instead be a radiatively inefficient accre-
tion flow (RIAF; see Yuan & Narayan 2014 for a review).
RIAF models reproduce the emission of Sgr A* in the quies-
cent (or steady) state (Narayan et al. 1995, 1998; Yuan et al.
2003; Mos´cibrodzka et al. 2009, 2014; Dexter et al. 2020).
One puzzle concerning Sgr A* is the origin of its near-
? E-mail: tatsuya.matsumoto@mail.huji.ac.il
† JSPS Research Fellow
infrared (NIR, Genzel et al. 2003) and X-ray (Baganoff et al.
2001) flares. NIR flares occur ∼ 4 times per day and last for
∼ hr. Their luminosity rises from ∼ 1034 erg s−1 at quiescence
to ∼ 1035 erg s−1 at peak. NIR flares are also characterized
by their large (∼ 40 %) linear polarization and temporally
changing polarization angle (Eckart et al. 2006; Meyer et al.
2006; Trippe et al. 2007). In addition, a quasi-periodic sub-
structure of ' 20 min (Genzel et al. 2003; Trippe et al. 2007;
Dodds-Eden et al. 2009) and very short time-variability of
. 50 s (Dodds-Eden et al. 2009) are detected. X-ray flares
show a larger increase in luminosity, from ∼ 1033 erg s−1 at
quiescence to ∼ 1035 erg s−1 at peak. Every X-ray flare is ac-
companied by an NIR flare but not vice versa (Hornstein
et al. 2007).
Several flare models have been proposed. Although the
X-ray emission mechanism is still debatable (Markoff et al.
2001; Yuan et al. 2004; Yusef-Zadeh et al. 2006; Dodds-
Eden et al. 2009, 2010; Sabha et al. 2010; Kusunose & Taka-
hara 2011; Ponti et al. 2017), the strongly linearly polarized
NIR light could be synchrotron emission from non-thermal
particles. These particles may be accelerated in turbulence,
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shocks, or magnetic reconnection (Dodds-Eden et al. 2010).
The quasi-periodic structure and rapid variability of NIR
flares suggest that the emission region is compact and close
to the BH (Broderick & Loeb 2005, 2006; Hamaus et al.
2009; Vincent et al. 2014).
Recently, Gravity Collaboration et al. (2018, hereafter
G18) carried out K-band interferometric observations of NIR
flares using the GRAVITY instrument on the Very Large
Telescope. They measured the motion of the flux centroid of
the hotspot with an astrometric accuracy of ∼ 10 µas (cor-
responding to 2 rg, Gravity Collaboration et al. 2017). G18
and Gravity Collaboration et al. (2020, hereafter G20) fitted
the hotspot trajectory with circular Keplerian orbits, find-
ing best-fit radii of 7 − 10 rg for the different flares, where
rg = GM/c2 is the gravitational radius, G is the gravitational
constant, and c is the speed of light. However, their best-fit
orbits are entirely inside of the observed hotspot locations
(see Fig. 1). This motivates us to consider other models for
the hotspot trajectory.
In this paper, we fit the hotspot trajectory with several
kinematic models: circular Keplerian, geodesic, radiatively
inefficient accretion flow (RIAF), super-Keplerian pattern (a
hotspot moving faster than Keplerian along a circular trajec-
tory), and precessing pattern. In §2, we summarize the obser-
vations and analysis by G18. We describe our fitting method
in §3. In §4, we discuss the best-fit results for our various
models. We present our discussion and summary in §5. We
adopt a distance of d = 8.18 kpc to Sgr A* (Gravity Collabo-
ration et al. 2019); for a BH of mass M = 4.15× 106 M, the
gravitational radius spans an angle of rg/d = 5.01 µas on the
sky at this distance. Light crosses the gravitational radius
in rg/c = 20.5 s.
2 SUMMARY OF GRAVITY OBSERVATIONS
G18 observed three NIR flares of Sgr A* on 2018 May 27,
July 22, and July 28. During the July 22 flare, the hotspot
made a partial loop around a center consistent with the lo-
cation of the BH as determined by monitoring the orbital
motion of S2 (G18). The duration of the flare and the an-
gular extent of the partial loop are ' 30 min ' 90 (rg/c) and
' 100 − 150 µas ' 20 − 30 (rg/d), respectively. The other two
flares have similar duration, but the hotspot trajectories do
not make a discernible loop. The linear polarization angle
of the July 28 flare rotated through 180◦ over the course of
the flare, which G18 explained with a poloidal magnetic field
around the BH.
Hereafter we focus on the July 22 flare that was ex-
tensively analysed by the Gravity Collaboration; this allows
our results to be compared directly to theirs. G18 fitted the
hotspot trajectory with a circular Keplerian orbit, assuming
that the orbit is centered on the two-dimensional median of
the observed hotspot locations and taking into account light
bending. The best-fit radius and inclination are r = 7 rg and
i = 160◦, respectively (see the first row of Table 1 for the
other fit parameters, and Fig. 3 for a depiction of the fit).
G20 performed a similar fit but allowed the center of the
orbit to vary within the error box of the BH location con-
strained by S2. The best-fit parameters are r = 8.5 rg and
i = 155◦.
As already remarked by G20, both best-fit orbits lie en-
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Figure 1. Projected distances from the hotspot locations during
the 2018 July 22 flare to the BH location determined by the G18
fit. All hotspot locations are outside the radius r = 7 rg of the
best-fit circular Keplerian orbit.
tirely interior of the observed hotspot locations. In Fig. 1,
we plot the projected distances from the observed hotspot
locations to the BH location determined by the G18 fit. For
comparison, we include the radius of the best-fit G18 orbit;
we show it as a horizontal line because the best-fit orbit,
with an inclination of 160◦, is a circle on the sky to within
3%. If the best-fit orbit were to pass through the observed
hotspot locations, the points should be distributed randomly
around the horizontal line; this is clearly not the case. If the
astrometric error is Gaussian, the probability that all 10
observed hotspot locations lie outside the best-fit orbit is
merely (1/2)10 ∼ 10−3. The best-fit G20 orbit has a larger
radius of 8.5 rg, but it still lies inside the observed hotspot
locations (see their Fig. 2). We cannot produce a figure anal-
ogous to Fig. 1 for this fit because the best-fit BH location
is not provided.
The problem with fitting circular Keplerian orbits (con-
sidered by G18 and G20) to the observed hotspot loca-
tions is that the radius r of a circular Keplerian orbit in
Schwarzschild spacetime is tied to its period PK ∝ r3/2.
A particle completing three quarters of an orbit within
' 30 min, as the observations seem to suggest, must be at
r ' 7 rg (PK/40 min)2/3, which is smaller than the spread of
the observed hotspot locations on the sky. Circular Keple-
rian fits may sacrifice the best-fit radius in an attempt to
reproduce the observed orbital time. The unsatisfactory na-
ture of these fits motivates us to seek out models that break
the degeneracy between radius and orbital time.
3 METHODS
Fig. 2 defines the coordinate systems we use (see Paumard
et al. 2006 for details). The three-dimensional hotspot or-
bit is described in the Cartesian coordinate system (x, y, z).
The origin of the coordinate system coincides with the BH,
the positive x- and y-axes are parallel to the sky plane, in-
creasing toward the east and the north respectively, and the
positive z-axis points directly away from the observer.
MNRAS 000, 1–9 (2020)
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z5 0.356.
Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, theNIR light curves are expected
to have a broad peak, rising after a few days and lasting a week ormore
in the rest frame. The relatively modest redshift and intensive study of
GRB130603Bmade it aprimecandidate for searching for suchakilonova.
We imaged of the location of the burst with the NASA/ESAHubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second,30d after the burst (epoch2).Oneachocca-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm)and theNIRF160Wfilter (1.6mm)(full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). TheHST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in theNIR in epoch 1 (we note
that this sourcewas also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.
At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB. 28.25mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB5 25.736 0.20mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIRmagnitude in epoch 1 to be up
to ,0.3mag brighter.
To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about,10 h, requiring a late-time power-law decay
rate of a< 2.7 (where F / t2a describes the flux). TheNIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter,which evolves fromR6062H160< 1.76 0.15magat about
14 h to greater than R6062H160< 2.5mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts
produced by underlying type Ic supernovae, althoughhere the lumino-
sity is considerably fainter and the emission is redder. Theubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.
Thenext generationof gravitational-wave detectors (AdvancedLIGO
andAdvancedVIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26
(z< 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBswas rather narrow, for example, and the intrinsic event ratewas,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limitedatpresent28 (indeed, the light-curvebreak seen inGRB130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB130603B. Left axis,
optical andNIR; right axis, X-ray.Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitudeM(J)AB<215.35mag at,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Figure 2.1: Schematic picture of a observer and binary system.
envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When
the gas inflows the primary, they bring angular momentum and circulates around the BHs.
This system is called as accretion disk, which we discuss in the next section.
2.2 Accretion Disk
Generally, the accreting gas has angular momentum and starts to circulate before reaching
the central BH. The resulting system is called an accretion disk. The accretion disk systems
have been extensively studies since 1960’s, and even now, the accretion disk is one of the
main research field in astrophysics. In this section, we review the basic theoretical aspects
of the accretion disk theory.
2.2.1 Standard Disk
In this subsection, we discuss the standard disk, which is the basic system and gives inspira-
tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity
gradient along to the radial direction. By the viscosity, the angular momentum of the gas is
transported to the outer radius, and the gas accretes to the inner radius. In the following,
we only consider disks which is stationary and axial symmetric in the cylindrical coordinate
(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described
analytically (Shakura & Sunyaev, 1973).
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F gure 2. Coordinate systems used in this paper. The longitude
of the ascending node Ω and the inclination i are marked with
black counterclockwise arrows. We chose Ω = 270◦ and i > 90◦
in this figure, which results in the hotspot (red star) rotating
clockwise around the BH from the point of view of the observer.
The hotspot trajectory on the sky is modified by light bending,
but that effect is not included in this schematic diagram. The part
of the trajectory due to light emitted when the hotspot is at z < 0
is shown with a solid curve, and at z > 0 with a dashed curve; light
from the latter part suffers greater deflection. To better depict
the three-dimensional setting, we mark in gray objects that are
behind the orbit l plane.
We consider only planar orbits for simplicity. We erect
another Cartesian coordinate system (x′, y′, z′) such that
the x′-y′ plane is the orbital plane and the positive y′-axis
contains the ascending node, that is, the point where the
hotspot moves across the x-y plane away from the observer.
The longitude of the ascending node Ω is the angle around
the positive z-axis from the positive y-axis (north) to the
positive y′-axis. The inclination angle i is the angle between
the positive z- and z′-axes. The relative orientation of the
x-y and x′-y′ planes is fully determined by (Ω, i). The coor-
dinate systems of the two planes are related by
x = x′ cos i cosΩ + y′ sinΩ, (1)
y = −x′ cos i sinΩ + y′ cosΩ. (2)
Orbits are defined to rotate clockwise t e x′-y′ plane as
viewed from the positive z′-axis; therefore, the observer sees
the hotspot rotating clockwise (counterclockwise) on the sky
if 90◦ < i ≤ 180◦ (0 ≤ i < 90◦).
We describe the hotspot location on the sky with an-
other coordinate system (X,Y ). The coordinates X and Y
increase toward the east and the north, respectively. The
origin of the coordinate system is the two-dimensional me-
dian of the observed hotspot locations; note that the er-
ror box of the BH location constrained by S2, (XBH, YBH) =
(30±50 µas, −50±50 µas), includes the origin. We assume the
hotspot is an isotropic point source, moving as prescribed
by our models in §4. To include light bending, we trace light
rays from each emitting location (x, y, z) of the hotspot to
the observed location (X,Y ) on the sky assuming the BH
has no spin (Cunningham & Bardeen 1973; Luminet 1979;
Broderick & Loeb 2005, 2006; Hamaus et al. 2009). This
is performed with the open-source code geokerr (Dexter &
Agol 2009).
The goodness of fit is quantified by
χ2 =
N∑
i=1
[( X(ti) − Xi
σXi
)2
+
(Y (ti) − Yi
σYi
)2]
, (3)
where N is the number of observations (N = 10 for the July
22 flare), ti is the ith observation time, and
(
Xi±σXi , Yi±σYi
)
is the ith observed hotspot location and its error bars. The
reduced χ2 is χ2r ≡ χ2/(2N − Nf), where Nf is the number of
free parameters of the model. The value of Nf varies from
model to model and is between six and eight in our models.
All models share six parameters: two (Ω, i) for the orientation
of the orbital plane, two for the initial position of the hotspot
on the x′-y′ plane, and two (XBH,YBH) for the BH location
on the sky.
In §4.2.2, we consider a model in which the hotspot is
produced, for example, when a precessing outflow interacts
with a surrounding disk. We assume for simplicity that the
hotspot traces out in the (x, y, z) coordinate system a circle
whose center is offset from the BH. Because we assume that
the hotspot trajectory is planar in this model, we describe
the hotspot trajectory using the formalism laid out above.
The only modification is that the origin of the (x, y, z) co-
ordinate system is not at the BH, but at the center of the
hotspot circle.
4 MODELS AND FITTING RESULTS
We consider several kinematic models of hotspot motion.
We divide the models into two types: material models, in
which the hotspot is produced by an emitting fluid element;
and pattern models, in which the motion of the hotspot is
a pattern motion. The best-fit models and their parameters
are shown in Fig. 3 and Table 1, respectively.
4.1 Material models
4.1.1 Circular Keplerian orbit
We fit a circular Keplerian orbit to the observations and
check that we reproduce the results of G18 and G20. The
hotspot orbit in this model is
x′(t) = r0 cos(ωKt + ϕ0), (4)
y′(t) = −r0 sin(ωKt + ϕ0), (5)
where r0 and ϕ0 are the radius and argument of latitude of
the hotspot at t = 0, respectively, and ωK = (c/rg)(r0/rg)−3/2
is the Keplerian orbital frequency at r = r0 in Schwarzschild
spacetime. The minus sign in Eq. (5) reflects our conven-
tion of clockwise hotspot motion on the orbital plane (see
Fig. 2). This model is fully determined by the six parameters
common to all models.
First, we fix all but one parameter to the G18 values
and fit for the only parameter not given, ϕ0. Panel (a) of
Fig. 3 shows that we can reasonably reproduce the G18 re-
sult. The agreement is mediocre over the part of the orbit
on the far side of the BH (z > 0, dashed black curve). This
may be because G18 assumed the hotspot has a finite size,
while we assume the hotspot is a point source; strong lensing
MNRAS 000, 1–9 (2020)
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Table 1. Best-fit parameters for different kinematic models of the 2018 July 22 flare; see Fig. 3 for the hotspot trajectories on the sky.
Model Initial Initial Longitude of Inclination BH location Additional Reduced χ2
radius argument ascending node on sky plane model parameters
of latitude
r0/rg ϕ0 [deg] Ω [deg] i [deg] (XBH/rg,YBH/rg) χ2/dof = χ2r
G18 (circular Keplerian) 7 – 160 160 (0, 0) – 1.2
G20 (circular Keplerian) 8.5 – – 155 – – 1.6
Circular Keplerian 7 (fixed) 345.2 160 (fixed) 160 (fixed) (0, 0) (fixed) – 23.6/14 = 1.7
Circular Keplerian 7.5 229.8 12.5 152 (3.1, −21.5) – 15.4/14 = 1.1
Geodesic 8.3 198.9 25.1 162 (−8.7, −0.9) E
a = 1(fixed) 11.8/12 = 1.0
l/(rgc) = 4.2
RIAF (α = 0.01) 9.8 276.0 39.6 155 (3.7, −32.9) – 17.4/14 = 1.2
RIAF (α = 0.3) 22.8 337.2 361.9 96 (17.4, −39.9) – 21.3/14 = 1.5
Super-Keplerian pattern 12.5 170.7 323.5 141 (11.5, −29.0) vϕ
b = 0.76 c 7.8/13 = 0.6
(or ω/ωKc = 2.7)
Precessing pattern 14.1 173.4 327.8 138 (7.0, −32.8)d vϕ b = 0.88 c 7.6/13 = 0.6
a specific energy, b rotational velocity, c ratio of angular velocity to Keplerian orbital frequency,
d not the BH location on the sky plane, but the center of the circular pattern motion projected on the sky
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Figure 3. Hotspot trajectories on the sky for different kinematic models of the 2018 July 22 flare; see Table 1 for the best-fit parameters.
The gray crosses show the locations of the hotspot at the ten times when it was observed, and the origin of the coordinate system is their
two-dimensional median. The black cross is the 1σ error bars on the location of the BH constrained by the orbital motion of S2 (G18).
The colored points mark the locations on the best-fit trajectories at each time the hotspot was observed. In Panels (a)–(d), the best-fit
BH location is shown by a large colored dot. The solid (dashed) part of the best-fit trajectories is due to light emitted when the hotspot
is in front of (behind) the BH (see Fig. 2). In Panel (a), the small black crosses are the hotspot locations of the best-fit G18 model. The
small black dots connected by a black curve show our reproduction of that fit using the information provided by G18. In Panel (e), the
elliptical trajectory is produced by a hotspot moving along a circle on a plane inclined to our line of sight and not passing through the
BH. The half of the circle closer to (further away from) the observer than its center is drawn as a solid (dotted) curve. The BH can be
anywhere along an axis going perpendicularly through the center of the circle. This axis is shown as a brown line, cropped to the error
box of the location of Sgr A*, and further cropped subject to the condition that the BH is behind the hotspot circle. The large yellow
dot denotes the possible BH location furthest away from the center of the circle.
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Figure 4. Illustration of the impact of light bending on the ap-
pearance of an orbit on the sky. The red curve is identical to the
one in Panel (a) of Fig. 3. The dark red curve depicts the same
orbit projected onto the sky without accounting for light bend-
ing. Only the half of the orbit further away from the observer,
shown here dashed, is significantly affected by light bending be-
cause light from that half grazes past the BH on its way to the
observer.
may cause the flux centroids of these two kinds of hotspots
to be misaligned. Second, we perform a fit in which all six
parameters vary freely. The red curve in Panel (a) is the re-
sult. We find r0 = 7.5 rg and i = 152◦, comparable to the G20
results of r0 = 8.5 rg and i = 155◦. The G20 fit is not plotted
because not all best-fit parameters are given.
G18, G20, and we all found best-fit orbits that lie
entirely inside of the observed hotspot locations. This is
because of a fundamental tension between the observed
hotspot making a relatively large loop on the sky (three
quarters of a circle with radius & 7 − 8.5 rg) and it doing so
within a relatively short time (30 min). Circular Keplerian
fits may be more strongly driven by the latter constraint and
thus pushed toward smaller r0.
To illustrate the impact of light bending on the fit, Fig. 4
depicts the apparent hotspot orbits with and without light
bending. Even for a small orbit of radius r0 = 7.5 rg, light
bending is significant only for the half of the orbit behind
the BH. Light from the half between the BH and the observer
is largely undeflected.
The quality of the fit is not improved significantly by
allowing the BH to have nonzero spin (see also G18). The
Keplerian orbital period at radius r on the equatorial plane
of a spinning BH is PK = 2pi(rg/c)[(r/rg)3/2+a], where |a| ≤ 1
is the dimensionless spin parameter of the BH (Bardeen et al.
1972). For the same orbital period, as a decreases from 0 to
−0.5, the radius of the orbit rises only slightly from 7.5 rg to
7.6 rg, and a cannot be any smaller because the orbit would
then be inside the innermost stable circular orbit (ISCO).
Another way spin can affect the fit is through the
slightly different light-bending effects. However, light bend-
ing is of secondary importance if the best-fit orbit for any
spin, like the zero-spin fit above, is both large and face-
on (see G18). The best-fit trajectories found in the follow-
ing sections are even larger, so light bending plays an even
smaller role.
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Figure 5. Non-circular trajectories in our models viewed face-on
(i = 0◦) without light bending. The dots on each curve are marked
every δt = 10 rg/c; for comparison, the observed flare duration is
t ' 90 rg/c. (Left) Geodesics: The three marginally bound (E = 1)
geodesics have different angular momenta: l/lISCO = 1.1 (red), 1.2
(blue), and 1.3 (magenta). Only the first geodesic plunges. The
l/lISCO = 1.2 (or l/(rgc) = 4.16) geodesic is approximately the
best-fit E = 1 geodesic (see Fig. 6). (Right) RIAF streamlines
(Popham & Gammie 1998): The red and blue streamlines have
viscosity parameters α = 0.01 and 0.3, respectively.
4.1.2 Geodesic
Geodesics generalize the circular Keplerian orbits considered
in §4.1.1. They are the most general orbits in the absence
of magnetic, pressure, and other non-gravitational forces. A
Schwarzschild geodesic is characterized by E and l, its spe-
cific energy and specific angular momentum (e.g., Shapiro
& Teukolsky 1983). A particle with E < 1 (> 1) is bound to
(unbound from) the BH. Marginally bound geodesics with
E = 1 and l/lISCO ∈ {1.1, 1.2, 1.3} are shown in the left panel
of Fig. 5, where lISCO = 2
√
3 rgc ' 3.46 rgc is the specific
angular momentum of a particle orbiting at the ISCO.
The motion of the hotspot on the sky suggests that
it makes a turn around the BH before shooting off
to & 20 rg; therefore, we restrict our attention to ini-
tially inward-moving but non-plunging geodesics. For non-
plunging geodesics, E must satisfy
Veff(rc,+; l) ≤ E2 ≤ Veff(rc,−; l), (6)
where Veff(r; l) =
[
1 − 2/(r/rg)
] [
1 + (l/rgc)2/(r/rg)2
]
is the ef-
fective potential, and rc,± are the radii of the outer (stable)
and inner (unstable) circular orbits with specific angular mo-
mentum l.
There are eight free parameters in this model: the six
common to all models, plus (E, l). We perform a fit for each
(E, l) within the region demarcated by Eq. (6). Fig. 6 shows
the best-fit i and χ2r as functions of E and l. The value of
χ2r does not vary perceptibly across E = 1; thus, we cannot
tell whether marginally unbound geodesics are favored over
marginally bound ones, or vice versa. The best-fit circular
Keplerian orbit, discussed earlier in §4.1.1 and marked with
a blue star in Fig. 6, has (E, l/(rgc)) ' (0.95, 3.53) and a radius
of r = 7.5 rg.
The best-fit geodesic has (E, l/(rgc)) = (1.01, 4.3). It is
right at the edge of the parameter space we explored. If
the hotspot were due to an object falling in from large dis-
tances, it cannot conceivably follow a geodesic whose energy
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Figure 6. Inclination (colors) and reduced χ2 (contours) of the
best-fit geodesic in Schwarzschild spacetime as functions of its
specific energy E and specific angular momentum l. The best-fit
E = 1 geodesic is marked with a red star; it has l/(rgc) = 4.2
and i = 162◦. The best-fit circular Keplerian orbit, with r = 7.5 rg
and (E, l/(rgc)) = (0.947, 3.53), is marked with a blue star. While
geodesics with E > 1 has smaller χ2r , they are unrealistic because
they have relativistic speeds at infinity.
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Figure 7. Same as Fig. 6 but for a BH spin of a = −0.998.
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Figure 8. Same as Fig. 6 but for a BH spin of a = 0.998.
is very different from E = 1; therefore, we do not consider
more energetic geodesics that nominally provide a better fit.
Instead, we focus on E = 1 geodesics; the best-fit geodesic
(l/(rgc) = 4.2) is marked with a red star in Fig. 6, and its tra-
jectory on the sky is illustrated in Panel (b) of Fig. 3. The fit
is still not ideal in the sense that the trajectory lies some-
what interior to the observed hotspot locations. At lower
energies, highly eccentric geodesics are better fits than cir-
cular ones.
We can generalize the discussion above to equatorial
geodesics in Kerr spacetime, which are also characterized
by E and l. Figs. 7 and 8 depict i and χ2r of the best-fit
geodesics around maximally spinning BHs as functions of
their E and l. The results are qualitatively the same as in
the Schwarzschild case. The best-fit geodesics are unbound,
with inclinations comparable to before. Because the best-fit
geodesics do not come close to the BH, BH spin does not sig-
nificantly affect the results. However, the best-fit geodesics
are still too small compared to the observed trajectory.
These geodesics are much more eccentric than the or-
bits of other known objects in the Galactic Center, e.g. G2
(Gillessen et al. 2012). The origin of the object on such
geodesics is not clear. The cold disk (Murchikova et al. 2019),
of size 0.004 pc, is the only structure around Sgr A* with
a similar inclination as the best-fit geodesic, so the object
may have come from there. However, a geodesic approach-
ing this close to the BH must have an angular momentum
much lower than other objects in the cold disk. One possi-
ble candidate for the object is an asteroid tidally disrupted
by the BH (Zubovas et al. 2012), but there is no convincing
mechanism by which an object on such a geodesic converts
its kinetic energy into a flare of the magnitude observed.
4.1.3 Radiatively inefficient accretion flow
The accretion rate onto the BH of Sgr A* is sub-Eddington
(Baganoff et al. 2003; Marrone et al. 2007). The BH is likely
surrounded by a RIAF (Yuan & Narayan 2014), whose gas
is so dilute that it cannot radiate away a sizable fraction
of the dissipated energy within the short amount of time it
takes to fall into the BH. The accretion flow has finite radial
velocity, and sub-Keplerian azimuthal velocity because of an
outward pressure gradient (Narayan & Yi 1994; Popham &
Gammie 1998; Manmoto 2000). A hotspot advected along
the streamline of such a flow moves on an inward spiral.
We obtain RIAF streamlines by integrating along the ve-
locity fields calculated by Popham & Gammie (1998). They
calculated the vertically integrated structure of axisymmet-
ric RIAFs for different viscosity parameters α, fractions of
the dissipated energy that is advected into the BH f , and
adiabatic indices γ. The velocity fields we use pertain to
α ∈ {0.01, 0.3}, f = 1, and γ = 1.4444. The right panel of
Fig. 5 depicts these streamlines. Since α governs the rate
of outward angular momentum transport, a larger α makes
the radial velocity larger and the azimuthal velocity smaller,
which results in the streamline being more loosely wound.
The RIAF model has the same six free parameters common
to all models, while α is fixed to the two values above.
Panel (c) of Fig. 3 depicts how the best-fit streamlines
for the two values of α look on the sky. The α = 0.3 stream-
line has a deformed image due to light bending (most of the
orbit is on the far side of the BH). Its χ2r is worse than the cir-
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cular Keplerian model. Since the α = 0.01 streamline mimics
a circular Keplerian orbit over short time intervals (see the
right panel of Fig. 5), its best-fit parameters are similar to
those of the Keplerian fit. Its χ2r is comparable but slightly
larger (see Fig. 3). This agreement provides further physical
motivation for considering the circular Keplerian fit in the
first place. However, in both cases the best-fit hotspot loca-
tions all lie nearer to the BH than the observed ones, casting
doubt on the validity of this model.
4.1.4 Summary of material models
None of models considered so far, in which a hotspot trav-
els along a physically motivated orbit, gives a satisfactory
fit. While χ2r values are reasonable in all cases, the best-fit
hotspot locations are all nearer to the BH than the observed
ones. This problem arises from the tension mentioned earlier
between the short duration of the orbit and the spread of the
hotspot locations on the sky. This motivates us to consider
in the following section other models in which the hotspot
is a pattern rather than a physical entity.
4.2 Pattern models
The difficulty in simultaneously fitting the size and duration
of the observed hotspot trajectory with the orbits consid-
ered in §4.1 can be resolved if the hotspot moves at super-
Keplerian speeds. Such speeds can arise if additional, non-
gravitational forces act on a physical entity. Although the
velocities required for a good fit are subluminal, they are so
large that the hotspot is more likely a pattern.
Spiral patterns may be common in accretion flows (see
e.g. Tagger & Melia 2006; Falanga et al. 2007). An extended
spiral is inconsistent with the observations because the ob-
served diameter of the hotspot is . 5 rg (G20). Furthermore,
the flux centroid of a multi-armed spiral should not drift sig-
nificantly away from the BH. It is also inconsistent with the
fact that the hotspot was observed for less than a full or-
bit, considering that it may take a few orbits for a spiral
to develop. Therefore, we consider here a phenomenological
single point-like pattern.
4.2.1 Super-Keplerian pattern
We consider circular motion around the BH given by Eqs.
(4) and (5), with ωK is replaced by a free parameter ω.
Together with the six parameters common to all models,
the total number of free parameters in this model is seven.
Panel (d) of Fig. 3 depicts the best-fit trajectory. Unlike
the circular Keplerian fits, the trajectory passes through the
observed hotspot locations. The best-fit radius and angular
velocity are r0 = 12.5 rg and ω = 2.7ωK respectively, hence
the rotational velocity is vϕ = (ω/ωK)vK ' 0.76 c.
Let us consider several ways in which super-Keplerian
motion may be physically realized. One possibility is that
forces other than gravity acts on the hotspot, such as the
inward pressure gradient near the ISCO of an accretion disk
(Abramowicz et al. 1978; Kozlowski et al. 1978; Popham &
Gammie 1998). However, the required pressure gradient is
∼ 6 times stronger than gravity, which is extremely unlikely.
Alternatively, Tursunov et al. (2019) argued that a charged
hotspot in the poloidal magnetic field around the BH (G18)
could move at super-Keplerian speeds due to the Lorentz
force.
The observed super-Keplerian motion is more likely a
pattern motion, such as a wave. The cause of the pattern
motion is unlikely hydrodynamic because the sound speed
is at most of order Keplerian:
cs '
√
kBTi
mp
.
√
GM
r
= vK, (7)
where kB, Ti, and mp are the Boltzmann constant, ion tem-
perature of the accretion flow, and proton mass, respectively.
The inequality is because the ion temperature cannot ex-
ceed the virial temperature, kBTi . GMmp/r. However, the
pattern motion could be magnetohydrodynamic because the
Alfve´n speed during flares is larger than the Keplerian or-
bital speed:
vA =
(
B2
4piρ
)1/2
' 0.9 c
(
B
100 G
) (
ρ
10−18 g cm−3
)−1/2
> vK ' 0.3 c (r0/12.5 rg)−1/2. (8)
The fiducial density is appropriate for the quiescent state
(Loeb & Waxman 2007), but the fiducial magnetic field is for
the flaring state (e.g., Dodds-Eden et al. 2009). One piece of
evidence supporting the existence of strong magnetic fields
in the vicinity of the BH during flares is the synchrotron
nature of the NIR emission.
4.2.2 Precessing pattern
So far we have considered a hotspot moving in a plane con-
taining the BH. As one generalization, we turn to the case
of hotspot motion on a different plane. It could be a pattern
motion excited on a surface by an external source (such as
a precessing outflow interacting with a surrounding disk).
For simplicity, we assume the hotspot follows an arc of a
circle, and the perpendicular line passing through the cen-
ter of the circle contains the BH; the most general hotspot
motion can be much more complicated. Our goal is to esti-
mate the radius and inclination of the circle. We repurpose
the super-Keplerian machinery (§4.2.1) to fit the hotspot
trajectory, except that we ignore light bending here because
we assume the entire hotspot trajectory lies between the ob-
server and the BH for simplicity (see Fig. 4). The projection
of the hotspot trajectory on the sky is therefore an ellipse.
Given some best-fit circular trajectory, one may expect that
the same trajectory rotated 180◦ about the observer’s line
of sight would be an equally good fit, but the effect of light
travel time breaks this symmetry.
Panel (e) of Fig. 3 depicts the best-fit hotspot trajectory
and the axis through the center of the circle. The radius of
the trajectory is r0 = 14.1 rg, and the hotspot moves around
the circular trajectory at vϕ ' 0.88 c. The BH can be any-
where along the axis, as long as it lies inside the error box of
the location of Sgr A* constrained by the orbital motion of
S2. The furthest the BH can be from the center of the circle
is at the north-east end of the axis; at this point, the BH is
' 16.2 rg from the center of the circle, the hotspot is ∼ 20 rg
from the BH, and the hotspot subtends an angle ∼ 40◦ from
the axis at the BH. Comparing our results here with our
super-Keplerian fit (§4.2.1), we find that the best-fit radius
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increases only slightly when the BH is allowed to be off the
plane of the hotspot trajectory.
5 DISCUSSION AND SUMMARY
G18 observed the 2018 July 22 flare of Sgr A* with the NIR
interferometry instrument GRAVITY. They measured the
motion of a hotspot with an unprecedented level of astro-
metric accuracy (∼ 10 µas). This allows us, for the first time,
to study dynamics close to the BH. The hotspot traced out
a partial loop on the sky within a time shorter than what
circular Keplerian orbits would predict. Circular Keplerian
fits (G18, G20, see also §4.1.1) result in best-fit hotspot loca-
tions that are nearer to the BH than the observed ones.1 This
motivates us to explore a broader range of hotspot models.
As a first step, we consider several kinematic mod-
els in which the hotspot is confined to a plane. Our mod-
els are categorized into two types: material models, whose
hotspot tracks some fluid element; and pattern models,
whose hotspot follows some pattern motion. The material
models include the circular Keplerian model, the geodesic
model, and the RIAF model; the last one is based on mod-
els of the accretion flow onto Sgr A*. The pattern models
include the super-Keplerian pattern model and the precess-
ing pattern model.
All material models suffer from the same problem: The
size of the best-fit trajectory is only r ' 7.5 rg, largely be-
cause it is dictated by the short time the hotspot took to
traverse the trajectory. The material models fail to repro-
duce the observed trajectory size on the sky, even though
the fits appear to be satisfactory as judged by the reduced
χ2 metric. Although our model fits assume a zero-spin BH,
the situation is not improved for nonzero spin. Two other
flares not studied here, the May 27 and July 28 flares, are
also similar to the July 22 flare in that the hotspot moves
across a large angle on the sky in a short time.
The pattern models do much better because the trajec-
tory size is decoupled from the traversal time. The best-fit
trajectory size in these models is & 12 rg. This is larger than
the ISCO radius at any spin, in contradiction with the expec-
tation that the hotspot should be produced by the innermost
parts of some accretion disk; therefore, we cannot constrain
the BH spin based on this expectation.
Detailed comments on individual models follow:
(i) We confirm the results of G18 and G20, namely, the
best-fit circular Keplerian orbit has a small radius r ' 7.5 rg
that is very close to the ISCO of a Schwarzschild BH. Our
fit suffers from the same problem that the best-fit hotspot
locations are all nearer to the center of the orbit than the
observed ones (see also G20), suggesting that circular Keple-
rian orbits are poor fits. A spinning BH does not change the
period of the orbit so much that it improves the fit signifi-
cantly. If the best-fit orbit is indeed the orbit of the hotspot,
its size constrains the BH spin to > −0.5. Turning this argu-
ment around, because the hotspot is expected to be near the
1 We approximated here the hotspot as a point source. While
the consideration of an extended source could in principle allevi-
ate the problem, G20 estimated that the diameter of the source
should be . 5 rg.
ISCO, the best-fit orbit, which is close to the Schwarzschild
ISCO, suggests that the BH is slowly rotating. However, as
mentioned earlier, we find this fit problematic.
(ii) A hotspot advected along a RIAF streamline gives us
as good a fit as a circular Keplerian orbit when outward
angular momentum transport is inefficient (α = 0.01). A
larger α leads to faster inspiral and worse fit.
(iii) A marginally bound geodesic in Schwarzschild space-
time provides a slightly better fit than a circular Keplerian
orbit, but even in this case, the best-fit geodesic still lies
inside the observed hotspot locations. The results are quali-
tatively the same if we consider instead equatorial geodesics
in Kerr spacetime. It is unclear where the object responsi-
ble for the hotspot originated from. Among known Galactic
Center objects, the cold disk (Murchikova et al. 2019) of size
0.004 pc is the only structure with a similar inclination as the
best-fit geodesic. It is also unclear how the kinetic energy of
the object falling toward the BH is converted to a flare of
the kind observed here.
(iv) A satisfactory fit can be obtained with a hotspot
moving in a circle around the BH at r ' 12.5rg and at a ve-
locity 2.7 times super-Keplerian, but no known force could
compel an object to go around the circle at such speeds. The
super-Keplerian motion could instead be the pattern motion
of a magnetohydrodynamic perturbation in a strongly mag-
netized gas surrounding the BH.
(v) An equally good model is a hotspot traveling at super-
Keplerian speeds along a circle on a plane offset from the BH.
This could be the pattern motion created by a precessing
outflow interacting with a surrounding disk. The furthest
the plane can be from the BH is ' 16.2 rg; in this case, the
distance of the hotspot from the BH is ∼ 20 rg.
The last two models, which are pattern models, have
χ2r = 0.6, suggesting an “overfit” of the data. This is a hint
that the current data do not allow us to constrain mod-
els more complicated than our simple pattern models. More
data or better data would be needed to go beyond them.
So far our discussion is focused on the astrometry of
the best-observed flare, the 2018 July 22 one. It is inter-
esting to note that all other flares have the same sense of
rotation around the BH. Future flares with similar or better
astrometric accuracy would confirm whether this is gener-
ally true. Models could then be ruled out based on whether
the hotspot has a preferred sense of direction (e.g., RIAF or
pattern motion) or not (e.g., geodesic).
The light curve of the July 22 flare has a single peak
(G18). The rising part of the light curve is attributed to
the onset of some unexplained mechanism giving rise to the
hotspot, while the falling part is related to the lifetime of
the hotspot, limited by differential rotation and synchrotron
cooling. Analysis of the light curve is beyond the scope of
this paper. The observation of a single spot suggests that,
regardless of the mechanism that produced the pattern, the
decay is fast enough that a spiral structure would not have
time to form.
Our models are quite restrictive in their simplifying
assumptions, the strongest of which could be the require-
ment that the hotspot be a point source confined to a plane.
Clearly, the shape and trajectory of the hotspot can both be
much more complicated; for example, the trajectory could
be an outgoing spiral along a twisted magnetic field line of
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an outflow. Furthermore, we have explored only the kine-
matics here. The shape and trajectory of the hotspot must
ultimately be derived from magnetohydrodynamics consid-
erations. This is true regardless of the provenance of the
hotspot: a free-falling object tearing through some ambient
medium, perturbations in a RIAF, a precessing outflow in-
teracting with a surrounding disk, clumps ejected from the
BH along twisted magnetic field lines, or other more exotic
scenarios that we have not explored here. General relativistic
magnetohydrodynamics simulations are invaluable for mod-
eling these hotspots. These simulations would also open up
explorations of other aspects of flares, such as how the flux
and polarization angle vary as functions of time.
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